Abstract. Heavy and/or long-lasting precipitation events in the Tatra Mountains and their northern foothills may cause floods that propagate downstream in the Vistula River and inundate large areas of Poland. In a warmer climate, future precipitation extremes could be higher than they are today, hence the flood risk potential is likely to grow. Therefore, assessment of these future changes and adaptation to changes in flood risk are of considerable interest and importance. In this study, seven global climate models were used to get insight into a range of changes in the characteristics of mean and heavy precipitation: this was done for two climate scenarios -A1B and A2 of the SRES family. With the help of the so-called delta-change method and based on responses from global climate models, projections were made for 11 precipitation stations in the region. Analyses were made of various indices, such as annual totals, maximum 24 h, 5-day; 10-day, monthly maximum sums of precipitation and also numbers of days with intense precipitation equal or above the thresholds of 30 and 50 mm per day. It was found that all GCM models under examination projected an increase in mean annual precipitation totals as well as in heavy precipitation in the future time horizon studied here (2080-2100).
Introduction
Floods are the most destructive natural hazard in Poland and most of the flood damage in the country usually occurs in the basins of two large rivers: the Upper Vistula and the Upper Odra. Abundant rainfall in the Upper Vistula basin, especially in the mountainous catchments of right-hand tributaries to the Vistula -the Dunajec, Raba, Wisłoka and Skawa rives-leads to violent and highly erosive flood events. Since the beginning of the 20 th century, destructive floods occurred most frequently in July (in 1903, 1934, 1960, 1970, 1997, 2001 ), but also in other months between May and September (e.g. in May and June 2010). The Tatra Mountains (in Polish Tatry), located in southern Poland and northern Slovakia, are the highest range (with peaks up to 2499 m -Rysy in Poland and 2655 m -Gerlach in Slovakia) of the Carpathian Mountains. The Tatra Mountains and their northern foothills belong to the drainage basin of the largest Polish river -the Vistula. Precipitation recorded in the region is the highest in Poland and largely contributes to the generation of flood risk downstream as well (Niedźwiedź et al. 2015) . Therefore, the assessment of future changes in intense precipitation is very important and much needed. Every increase in magnitude, duration, and frequency of extreme precipitation may increase climate-related flood hazards. About 40% of annual precipitation in the region (35% at Kasprowy Wierch and 43% in Zakopane) falls in summer, while in winter, on average, this proportion is much smaller (20% at Kasprowy Wierch and 13% in Zakopane), cf. Łupikasza et al. (2016) . The mean annual precipitation at Kasprowy Wierch (1991 m a.s.l.) for the period 1951-2013 was 1752 mm, with the record-high annual maximum precipitation at this station recorded as 2599 mm in 2001. Even higher annual precipitation values were recorded in 2001 at two other stations: 2628 mm at Hala Gąsienicowa and 2770 mm at Dolina Pięciu Stawów (Kundzewicz et al. 2014 (Szalińska et al. 2014) .
This study presents projections of the intensity of annual and precipitation extremes for 11 meteorological stations located in the area of the northern foothills of the Tatra Mountains in Poland for the time horizon 2081-2100. A range of heavy precipitation indices, which are defined in Table 1 , are examined. The calculation is based on the application of the so-called delta-change method (Van Pelt et al. 2012; Pińskwar et al. 2016) to results of the simulation of future changes in heavy precipitation by global climate models. This method was applied to each station individually. Particular attention was paid to the assessment of future changes in precipitation during the warm part of the year (April-September), especially precipitation occurring within the summer period, when floods in the region are most frequently generated.
Data and study site
This study makes use of seven General Circulation Models (GCMs) simulations (for A1B and A2 scenarios of the SRES family, cf. Nakicenovic et al. 2000 The sum of precipitation calculated for the whole calendar year (January to December)
Heavy precipitation indices Maximum 24 h precipitation [mm]
The highest amount of 1-day precipitation calculated for the whole calendar year (January to December)
Maximum 5-day precipitation [mm] The highest amount of 5-day precipitation calculated for the warm period (April-September)
Maximum 10-day precipitation [mm] The highest amount of 10-day precipitation calculated for the warm period (April-September)
Monthly maximum sum of precipitation [mm] The highest amount of monthly precipitation calculated for whole calendar year (January-December)
Number of days with intense precipitation equal or above the threshold of 30 mm per day [day] The number of days where the amount of daily precipitation is equal or above 30 mm calculated for the warm period (April-September)
Number of days with intense precipitation equal or above the threshold of 50 mm per day [day]
The number of days where the amount of daily precipitation is equal or above 50 mm calculated for the warm period (April-September)
Analysing simulations from an ensemble of various models allows uncertainty to be taken into account. Hence, the results from climate models are used to produce projections of future precipitation indices by the modification of observed precipitation data in the control period (Czarnecka 1983) . Jabłonka station is located in the Czarna Orawa basin, belonging to the basin of the Danube River, which drains into the Black Sea. Precipitation from Jabłonka (the Danube River catchment) does not play a role in forming floods on the Vistula River basin, but it enriches our knowledge about the intensity and amount of precipitation on the analysed area. Data from this station were used due to the limited availability of data in the studied basins. The location of this station is close to the Dunajec River basin, and this enriches our knowledge of spatial distribution of precipitation (Fig. 1) . According to Starkel (1991) , this region is characterised by high values of excess water and accelerated outflow. In the north of this area, mountainous valleys are situated where water retention takes place. The 11 analysed stations are: Kasprowy Wierch, Hala Gąsienicowa, Morskie Oko, Hala Ornak (with a shorter period of available records: 1970-1990), Kuźnice, Zakopane, Witów, Poronin, Białka Tatrzańska, Szaflary -all in the Vistula River basin, and Jabłonka in the Danube River basin. The location of these stations is illustrated in Fig. 1. et al. (2016) analysed the observed changes in climate (temperature and precipitation) and found that, for nearly all the examined stations, precipitation totals in the warmer period (1991-2011/2013 ) were higher than in the earlier, cooler, period . However, most of the observed changes in precipitation between 1951-2015 were not statistically significant, at the level of 0,05. Precipitation showed strong and irregular natural variability. analysed the observed changes in atmospheric circulation patterns, noting a correlation between long-term courses of circulation indices and high precipitation, for Nc and NEc circulation indices. However, most increasing trends in circulation indices favouring the occurrence of high precipitation were not statistically significant. Table 2 illustrates the maximum 24-h precipitation and 5-day precipitation sums at each of the examined stations and the year of occurrence of this maximum precipitation within the available period of observations. Both 24-h and 5-day precipitation totals are of importance for flood hazard. According to the observed data, most of the 24-h maximum precipitation, as well as maximum 5-day precipitation, appeared in the examined control period: . Only in five cases did the maximum values of these indices occur later -in 1997 (the year with a large and also a comparison with the observed data. Distinctly higher values correspond to the MIROC model. Most GCM models suggest an increase in maximum 24 h precipitation. Figure 4 presents box plots with observed maximum 5-day precipitation for the reference period 1961-1990 and the projected value of this index for GCMs for particular stations. For all stations, increases in the median, the 75 percentile and also the extreme values are projected. The future median of maximum 5-day precipitation for stations located high up (above 1000 m a.s.l.), as well as for Zakopane, could be similar to the level of 75 percentile for the control period .
Results

Łupikasza
A similar situation can be observed for maximum 10-day precipitation for the warm season (April-September). The changes in median for higher-located stations are projected to be greater than those observed in . The level of the present 75 percentile is similar to that of the median of the projection for the future (2081-2100). In the case of lower-placed meteorological stations, the median of maximum 10-day precipitation could be on a similar level to the one observed in the 20th century. The future 75 percentile and extreme value (95 percentile) of this index are likely to be higher for all stations (Fig. 5) .
The GCM simulations show an increase in the median as well as in 75 percentile and extreme value (95 percentile) for the maximum monthly sum of precipitation in the warm season (April-September) for higher-located stations and for Zakopane. For other studied stations, the increases of this index could be lower. Figure 6 presents the observed ranges for the maximum monthly sum of precipitation and projected changes, according to GCMs. Fig. 3 . The return period plots (Gumbel distribution) calculated for 30-year time series (21-year for Hala Ornak) of the maximum daily precipitation for observed data and the GCMs (2081-2100) for 11 meteorological stations situated on the northern foothills of the Tatra Mountains Similar behaviour for projections of increases in the number of days with intense precipitation (greater than or equal to 30 or 50 mm) during the warm season can be observed (Fig. 7) . For the stations above 1000 m a.s.l. for both thresholds (i.e. 30 or 50 mm), global models show an increase in median and in higher percentiles (75 and 95). For other stations, the number of days with intense precipitation (30 mm per day and above) may increase slightly and the number of days with very intense precipitation (50 mm per day and above) is likely to stay at the same level. In the future, the occurrence of days with intense precipitation (above 30 or 50 mm) may be very rare. Projections show an increase in precipitation intensity rather than in frequency.
Discussion and conclusions
This study allows an insight into projected future changes in annual precipitation as well as in intense and extreme precipitation indices in the Tatra Mountains and their northern foothills. The use of seven global climate models for two SRES climate scenarios, A1B and A2, made it possible to obtain a range of changes in precipitation at 11 stations for the last decades of the 21 st century.
Information about changes in precipitation extremes is very important for climate change adaptation and flood risk reduction . The use of multiple climate model simulations covers a range of plausible changes in extremes.
Models in this study belong to the generation of GCMs used in the Coupled Model Intercomparison Project Phase 3 (CMIP3) in support of the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) (Kharin et al. 2007 ). In the most recent generation of global climate models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5), the new radiative forcing scenarios, called Representative Concentration Pathways (RCPs, Moss et al. 2010) , are employed. However, apart from the different forcing scenarios in the CMIP5 protocol, the performance of the CMIP5 multi-model ensemble in simulating precipitation extremes is comparable to that in the CMIP3 ensemble (Kharin et al. 2013) .
All the GCMs under examination project an increase in mean annual precipitation totals as well as in various measures of heavy precipitation in a future time horizon, 2081-2100. However, the changes in mean precipitation were not as pronounced as for extreme indices, such as maximum 24 h, 5-day; 10-day, and monthly precipitation totals, and also for the number of days with intense precipitation (greater than or equal to 30 or 50 mm). An increase is projected especially for stations located above 1000 m a.s.l. For most stations located in the area of the northern foothills of the Tatra Mountains, the increase in precipitation may result in more severe flash floods and landslides in small catchments and may generate flood events in basins of the mountainous right-hand tributaries of the River Vistula (such as the Dunajec River).
Our findings are in qualitative agreement with those general, large-scale, results of Seneviratne et al. (2012) , who examined the projections of changes in the return period of the late 20 th century (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) for 20-year annual maximum 24-h precipitation. The 20-year return period for the area of Central Europe for the reference interval is likely to become more frequent, e.g. a 1-in-10 to 1-in-15 year event by the end of 21 st century (the median for multiple models).
Every increase in extreme precipitation may contribute to more severe floods in the future. However, recent studies indicate that the projection of precipitation extremes is associated with various uncertainties related to emission scenarios of greenhouse gases, GCMs, and statistical downscaling methods, as well as by the natural variability of the climate. Nevertheless, records of precipitation dur- 
